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$i \hslash\frac{\partial}{\partial t}\phi(t, x)=H^{S}\emptyset(t_{X},)$ , $H^{s_{=-}} \frac{\hslash^{2}}{2m}\frac{\partial^{2}}{\partial x^{2}}+V(x)$
Dirac
$i \hslash\frac{\partial}{\partial t}\psi(t, x)=H\psi(t, x)$, $H=(^{-i_{C}\hslash\frac{\partial}{\partial x}-}eA_{1}(t_{X)},)\alpha+eA_{0}(t, X)I+mc^{2}\beta$
. $2\cross 2$ , $\alpha,$ $\beta$
$\alpha^{2}=\beta^{2}=I$ , $\alpha\beta+\beta\alpha=0$
$2\cross 2$ . , 1+1 .
$x(t)$ $\exp\{(i/\hslash)S[X(t)]\}$ ,
R. P. Feynman [Fe] , ,
(cf. $[\mathrm{B}- \mathrm{c}_{-}\mathrm{s}- \mathrm{S}],$ $[\mathrm{F}\mathrm{u}],$ [G-J-K-s], [G-S], [I], [I-T], [Na], [Ne], [S]).
1 , ,
, .
(i) 1+1 Dirac (cf. [I], $[\mathrm{R}\mathrm{C}-\mathrm{s}_{-\mathrm{S}}]$ ).
(ii) 1+3 Dirac (cf. $1^{\mathrm{z}_{\mathrm{a}}}]$ ).
(iii) Schr\"odinger (cf. [C]).
,
(i) 1+1 Dirac * , Loeb
completion
(ii) * $c$ , Schr\"odinger
, * (* ) .
,
. .
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2 Dirac *
Dirac * ,
$\hat{U}(t)=\exp(-i\hat{H}_{0}t/\hslash)$ , $\hat{H}_{0}=-ic\hslash\alpha\frac{\partial}{\partial x}+mc^{2}\beta$
$<x|\hat{U}(t)|y>$ .
Trotter , $t=n\Delta t$ , $\Delta t\approx \mathrm{O}$
$<x|\exp(-i\hat{H}_{0}t/\hslash)|y>\approx<x|\{\exp(-ic\hat{p}\alpha\Delta t/\hslash)\cdot\exp(-imc^{2}\beta\Delta t/\hslash)\}^{n}|y>$
, $<x|\exp(-i_{C}\hat{p}\alpha\Delta t/\hslash)\cdot\exp(-imC2\beta\Delta t/\hslash)|y>$ .
$<x|\exp(-iC\hat{p}\alpha\Delta t/\hslash)\cdot\exp(-imC\beta 2\Delta t/\hslash)|y>$
$=$ $\{\delta(x-y-c\Delta t)\cdot\frac{1}{2}(I+\alpha)+\delta(x-y+c\Delta t)\cdot\frac{1}{2}(I-\alpha)\}\cdot\exp(-imC\beta\Delta t/2\hslash)$
. :
(i) $(t-\Delta t, x-c\Delta t)$ $(t, x)$ $P+= \frac{1}{2}(I+\alpha)$ .
(ii) $(t-\triangle t, x+c\Delta t)$ $(t, x)$ $P_{-}= \frac{1}{2}(I-\alpha)$ .
(iii) $(t, x)$ $m$ $\exp(-imc^{2}\beta\Delta t/\hslash)\simeq I-im\mathrm{c}2\beta\Delta \mathrm{t}/\hslash$ .
, .
1
(1) $\epsilon$ $N\in*\mathrm{N}\backslash \mathrm{N}$ , $\epsilon,$ $c\epsilon$ $\mathrm{L}$
$\mathrm{L}=\mathrm{T}\cross \mathrm{X}$ , $\mathrm{T}=\{0, \epsilon, 2\epsilon, \cdots, N\epsilon\}$ , $\cross=\{0, \pm c\epsilon, \pm 2c\epsilon, \cdots\}$
.
(2) $\Omega$ $\mathrm{T}$ $\{-1,1\}$ , $\omega\in\Omega$ , $(0, y)$
x\mbox{\boldmath $\omega$} $()$
$k-1$
$X_{\omega}(k \epsilon)=y+\sum C\epsilon\omega(l\epsilon)(k=1,2, \cdots, N)$
$l=0$
.
(3) $k\epsilon$ $X_{\omega}$ ( , ) $\mathrm{P}_{k}(k_{\mathcal{E}}, X_{\omega}(k\epsilon))$ , $\mathrm{P}_{k}$
$\mathrm{P}_{k+1}$ $l_{k}$ . , $X_{\omega}$ * \mu 0(X
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.$\mu_{0}(X_{\omega})$ $=$ $L(l_{N-1})M0(\mathrm{p}_{N-}1)L(\iota N-2)M\mathrm{o}(\mathrm{p}N-2)\cdots M0(\mathrm{p}_{1})L(l\mathrm{o})$ ,
$M_{0}(\mathrm{p}_{k})$ $=$ $I- \frac{i\epsilon}{\hslash}mc^{2}\beta$ ,
$L(l_{k})$ $=$ $\{$
$\frac{1}{2}(I+\alpha)$ ( $l_{k}$ $c$ ),
$\frac{1}{2}(I-\alpha)$ (lk $\mathrm{B}\grave{\grave{\mathrm{a}}}-C$ $\text{ }$ ).
(4) $(t, x)\in \mathrm{R}$ ,
$\underline{t}\leq t<\underline{t}+\epsilon$ , $\underline{x}\leq x<\underline{t}+c\epsilon$
$\underline{t}\in \mathrm{T},$ $\underline{x}\in\cross$ .
$f=$ $(t, x)\in \mathrm{R}^{2}$
, $P_{t,x}=\{X_{\omega}|x_{\omega}(\underline{t})=$ .
1 * $\mu_{0}$ .
1 $\underline{t}=N\epsilon$ , $X_{\omega}$ r(X .
(1) $\frac{1}{2}(I\pm\alpha)=P\pm$ ,
$P_{\pm}^{2}=P\pm$ , $P_{\pm}^{*}=P\pm$ , $P_{\pm}P_{\mp}=0$ .
(2) (i) $\omega(0)=1,$ $\omega((N-1)\epsilon)=1$ , $r(x_{\omega})=2k$
$\mu_{0}(x_{\omega})=(-i\epsilon mc^{2}/\hslash)^{2}kP_{+}$ .
(ii) $\omega(0)=-1,$ $\omega((N-1)\epsilon)=1$ , $r(X_{\omega})=2k+1$
$\mu_{0}(x_{\omega})=(-i\epsilon mc/2\hslash)2k+1P_{+}\beta$ .
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(iii) $\omega(0)=1,$ $\omega((N-1)\in)=-1$ , $r(X_{\omega})=2k+1$
$\mu_{0(x_{\omega})}=(-i\epsilon mc^{2}/\hslash)^{2k}P_{-}\beta$.
(iv) $\omega(0)=-1,$ $\omega((N-1)\in)=-1$ , $r(X_{\omega})--2k$
$\mu_{0(x_{\omega})}=(-i\epsilon mc^{2}/\hslash)^{2k}P_{-}$ .
1 * $\mu_{0}$ Dirac
.
$A_{i}(t, x)(i=1,2)$ , 1 $M_{0}(\mathrm{P}_{k})$ $\mu_{0}$
$M(\mathrm{P}_{k})$ $=$ $I- \epsilon\frac{i}{\hslash}(mc^{2}\beta+e^{*}A_{0}(\mathrm{p}_{k})I-e^{*}A_{1}(\mathrm{p}k)\alpha)$ ,
$\mu(X_{\omega})$ $=$ $L(\iota_{N-1})M(\mathrm{p}N-1)\cdots M(\mathrm{p}1)L(\iota 0)$
. $\mu(X_{\omega})$ $\mu \mathrm{o}(X_{\omega})$
$\mu(X_{\omega})=\prod_{\omega}k\not\in R(x)\{1-\epsilon\frac{i}{\hslash}(e^{*}A\mathrm{o}(^{\mathrm{p}_{k}})-\sigma(l_{k})e*A1(^{\mathrm{p}}k))\}\cdot\mu \mathrm{o}(X\omega)$ (3)
.
$R(X_{\omega})=\{k|\omega((k-1)\epsilon)\omega(k\epsilon)=-1\}$
, $\sigma(l_{k})$ $l_{k}$ .
(1) $\mu_{0}$ $\mu$ $\psi(t, X)=$




$\mu_{0}$ 2 $\cross$ 2* * $(\mathrm{p}_{t,x}, A, \mu_{0})$
.
,x $=$ $\{X_{\omega} : X_{\omega}(\underline{t})=\underline{x}\}$ ,




* * , * * .
, 1 :




, (cf. $[\dot{\mathrm{Z}}\mathrm{i}]$ ).




$A$ $A$ * .





$|\mu_{0}|(A)\leq\exp(mc^{2}t/\hslash)$ , $A\in A$
. $\mu_{0}$ * , $mc^{2}..t./\hslash,$
,
Poisson .
$(P_{t,x}, A, |\mu_{0}|)$ * * , Loeb





$A\in L(A)\Leftrightarrow\exists B\in AL(|\mu 0|)(A\triangle B)=0$
, $B_{1},$ $B_{2}\in A$
$st(^{*}||\mu \mathrm{o}(B_{1})-\mu 0(B_{2})||)$ $\leq$ $st(|\mu 0|(B1\triangle B_{2}))$




2 $A\in L(A)$ , $L(|\mu_{0}|)(A\triangle B)=0$ $B\in A$ , $\mu_{L}$ : $L(A)arrow$
$\mathrm{M}_{2}(\mathrm{C})$
$\mu_{L}(A)=st(\mu_{0(}B))$
. $\mathrm{M}_{2}(\mathrm{C})$ $2\cross 2$ .
$(\mathrm{p}_{t,x}, L(A),$ $\mu_{L})$ $\mathrm{p}_{t,x}$ M2 $(\mathrm{C})-$
. , $\mathrm{p}_{t,x}$
. , $(\mathrm{P}_{t,x}, \mathcal{B}, m_{L})$
.
3
$\mathrm{p}_{t,x}$ $=$ $\{x(s)\in \mathrm{C}[0, t] : x(t)=x, \forall s_{1}, s_{2}\in[0, t]|x(_{S_{1}})-x(s2)|\leq C|s_{1}-S_{2}|\}$ ,
$\mathcal{B}$ $=$ $\{A\subseteq \mathrm{P}_{\iota,x} : \{X_{\omega}\in \mathcal{P}. t,x:StX_{\omega}\in A\}\in L(A)\}$ ,
$m_{L}(A)$ $=$ $\mu_{L}(\{x_{\omega}\in \mathrm{p}_{t,x\omega} : StX\in A\})$ , $A\in \mathcal{B}$ .
$stX_{\omega}\in \mathrm{p}_{t,x}$




2 $(\mathrm{P}_{t,x}, \mathcal{B}, m_{L})$ $\mathrm{p}_{t,x}$ M2(C)- .
1(2) $\mu_{0}$ , $m_{L}$ :
3 $m_{L}$
$S=$ { $x(s)\in \mathrm{P}_{\ell,x}$ : $x(s)$ $\pm.c$ }
.
, * (* ) .
* $(\mathrm{p}_{t,x}, A, \mu 0)$ *
$G[X_{\omega}]$ $=$ $\prod_{k\not\in R(x\omega)}\{1-\epsilon\frac{i}{\hslash}(eA*(\mathrm{o}\mathrm{P}k)-\sigma(\iota_{k})e^{*}A_{1}(\mathrm{p}k))\}$
( 1(4) (3) ).
, $(\mathrm{P}_{\ell,x}, B, m_{L})$






( ) Schr\"odinger , Wiener
, ( ) Schr\"odinger





( $c$ ), Schr\"odinger
.
* * (* )
, $c$ * , 3
.
, * $\mu_{0}$




. $c\underline{t}$ $\underline{x}$ ,
, $z$ Bessel
$*J_{1}(z) \sim-\sqrt{\frac{2}{\pi z}}\cos(_{Z}+\frac{\pi}{4})$ , $*J_{0}(Z) \sim\sqrt{\frac{2}{\pi z}}\sin(Z+\frac{\pi}{4})$
. $\beta$ ,
$\alpha=$ , $\beta=$
$\mathcal{K}_{0}(\underline{t}, \underline{x},\cdot 0, \eta)\simeq$ ,
$a \simeq\sqrt{\frac{m}{2\pi i\hslash t}}\exp(\frac{im(x-\eta)2}{2\hslash t})$ . $\exp(-\dot{\iota}\frac{\mathit{7}nc^{2}}{\hslash}t)$
, free Sch\"odinger kernel .
* , 2 .
$\epsilon$ $\tau=\in\nu(\tau\simeq 0, \nu\in*\mathrm{N}\backslash \mathrm{N})$ .
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$\bullet$ , zitterbewegung Dirac
$\bullet$ , zitterbewegung Schr\"odinger
* 2 :
$\bullet$ # QjJ $0,$ $\tau,$ $2\tau,$ $\cdots,$ $n_{t}\tau\simeq t$ $x_{0},$ $x_{\mathcal{T}},$ $\cdots,$ $x_{(n_{t^{-}}}1$ ) $\tau$
, $X_{\omega}(k\tau)=x_{k\mathcal{T}}$
,
$\bullet$ $x_{0}$ , $x_{\mathcal{T}},$ $\cdots$ , $x_{(n_{t-}}1$) $\mathcal{T}$ ,
. [ $C\mathcal{T}$ $x-y$
, cut-off – .
2\aleph 0- . , 2\aleph o-
.
$\exists A_{0}\in \mathrm{R}*\forall\phi\in \mathrm{L}^{2}(\mathrm{R})\cap \mathrm{C}(\mathrm{R})\forall a\in \mathrm{R}^{+}\forall t\in \mathrm{R}^{+}\forall A>A_{0}$
$*|| \exp(-\frac{\mathrm{i}}{\hslash}t^{*}H^{s_{)\emptyset}}*(x)$







, \nu |, 3
$\tau,$ $c,$ $\epsilon$ , .
.
4
(1) $(t, x)\in \mathrm{R}^{2}$
$P_{t,x}^{A_{1}}=\{x_{\omega}(\cdot)\in P\ell,x:X_{\omega}(k\mathcal{T})\in^{\mathrm{x}}A_{1}$ , $k=0,1,$ $\cdots,$ $n_{t}-1\}$ .
$A_{1}=A0e^{t/\tau}$ ($0t_{0}$ #3: ) .
123
(2) $\emptyset(x)\in \mathrm{L}^{2}(\mathrm{R})\cap \mathrm{C}(\mathrm{R})$ $(t,x)\in \mathrm{R}^{2}$




5 $\emptyset(x)$ $V(x)$ .
(i) $H^{S}=- \frac{\hslash^{2}}{2m}\frac{\partial^{2}}{\partial x^{2}}+V(x)$ $\mathrm{L}^{2}(\mathrm{R})$ .
(ii) $V(x)\in \mathrm{C}(\mathrm{R})$ .
(iii) $\phi(x)\in \mathrm{L}^{2}(\mathrm{R})\cap \mathrm{C}(\mathrm{R})$ .
$\emptyset(t, X)$ [ $V(x)$ Schr\"odinger , $\phi(0, X)=\emptyset(X)$
.
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